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Oral hairy leukoplakia (HLP) lesions frequently contain defective Epstein-Barr virus (EBV) genomes with
deletions in the EBNA-2 gene that abundantly replicate and persist within the lesion. To characterize these
viral strains and recombinant variants, the EBNA-2 gene in EBV DNA from several different HLP biopsy
specimens was analyzed. Amplification of EBNA-2 coding sequences by PCR demonstrated the presence in
HLP of intact EBNA-2 genes as well as a varnety of internally deleted variants of both EBNA-2A and EBNA-2B.
Some of the deletion variants evolved within the HLP lesion from intact EBNA-2 genes, while other variants
appeared to be transmissible strains that directly infected the lesion. Intrastrain recombination within the
HLP lesion also generated variation within the EBNA-2 polyproline region. Cloning and sequencing of HLP
cDNA demonstrated transcription from the internally deleted EBNA-2 open reading frame, indicating that
these variant genes are expressed in HLP. Comparative analysis of the HLP EBNA-2 sequences confirmed
previous findings of EBV coinfection with multiple types and strains. Sequence variation of these wild-type
genes demonstrated that EBNA-2A sequences distinguish at least two separate strains and a variety of
substrains of EBV type 1. Two of the HLP EBNA-2A sequences contained amino acid changes in a cytotoxic
T-cell epitope within an otherwise highly conserved region of the gene. These data indicate that EBV
coinfection, strain variation, and recombination within the EBNA-2 gene are common features of HLP and
suggest that the expression of internally deleted EBNA-2 variants could contribute to EBV pathogenesis in
permissive infection.

Oral hairy leukoplakia (HLP) is an oral mucosal lesion
characterized by the productive replication of the Epstein-Barr
virus (EBV) within squamous epithelial cells of the lateral
borders of the tongue, occurring most commonly in patients
infected with the human immunodeficiency virus (15). Some
HLP lesions are coinfected with both EBV type 1 (EBV-1) and
EBV-2, on the basis of typing of the Epstein-Barr nuclear
antigen 2 (EBNA-2) gene, and some HLP lesions may be
coinfected with multiple strains of the same EBV type (39). In
HLP, the productively replicating EBV recombines within and
around the EBNA-2 gene, generating a heterogeneous group
of viral variants that may be defective for EBNA-2 function
(39). On the basis of analyses of sequential HLP biopsy
specimens from the same patient, virus variants containing
EBNA-2 gene rearrangements are capable of replicating effi-
ciently and persisting within a lesion (39).
PCR amplification of the EBNA-2 coding sequence from

HLP DNA generated products representing the full-length
sequence, as well as a variety of smaller products suggestive of
internally deleted forms of the gene (39). The heterogeneity of
internally deleted EBNA-2 variants detected for both
EBNA-2A (EBV-1) and EBNA-2B (EBV-2) in different HLP
specimens suggested that they represented EBNA-2 recombi-
nation events within the lesion rather than superinfections with
multiple independent strains. Their presence in a majority of
the HLP specimens examined indicated that these variants
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occur frequently in HLP and may be important in productive
EBV infection (39).

In this study, the EBNA-2 rearrangements were analyzed in
six different HLP biopsy specimens by PCR amplification and
sequencing. Several different patterns of genetic deletion were
detected within both the polyproline and unique sequences of
EBNA-2. Examination of EBNA-2 transcription indicated that
internally deleted EBNA-2 genes are expressed in HLP le-
sions. Some of the variants evolved during viral replication
within the HLP lesions, while others appeared to be indepen-
dent strains. Sequence variation of the EBNA-2 gene defined
at least two different strains of EBV-1 and confirmed that some
HLP lesions are coinfected with multiple types, strains, or
substrains of EBV.

MATERIALS AND METHODS

PCR amplification. HLP biopsy specimens were obtained
from human immunodeficiency virus-seropositive volunteer
patients, and the DNA was extracted as described elsewhere
(12, 28). Single-stranded DNA oligonucleotides synthesized
for use as PCR and sequencing primers are listed in Table 1.
Primer sequences were designed from regions of the EBNA-2
gene common to both EBNA-2A and EBNA-2B and amplified
both types of EBV DNA with equal efficiency. PCR amplifi-
cations of HLP DNA using oligonucleotides 1 and 8, and of
HLP cDNA using oligonucleotides 9 and 8, were performed
with 2 U of Vent DNA polymerase (New England Biolabs,
Beverly, Mass.); a 1:10 dilution of 1OX reaction buffer as
supplied with the Vent polymerase; 200 ,uM (each) dATP,
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TABLE 1. Synthetic oligonucleotides for PCR,
sequencing, and probes

cleotides Sequence (5' to 3') Coordinates

1 CTCTCTAGACTATCTlGCGTTAC 48515-48538
ATGGGGGACA

2 TTGTGTCCAGGCATCCCTGCGCT 48827-48805
3 AGGGATGCCTGGACACAA 48810-48827
4 TGGGGTGCHTrGATG 49307-49293
5 CATCAAAGCACCCCA 49293-49307
6 AGGCATGCTAGGACTGGA 49652-49635
7 TCCAGTCCTAGCATGCCT 49635-49652
8 CTCCTGCAGCGAGGTCl'''ACT 49952-49932

GGGTCC
9 GCGCCAATCTGTCTACATAG 47940-47959
10 CCCCATGTAACGCAAGATAG 48534-48515
11 CGGGTGCIT'AGAAGGTTGTT 48473-48454

dGTP, dCTP, and dTTP; and a 0.5 pM concentration of each
primer in 50- or 100-jil reaction volumes. In some cases,

7-deaza-dGTP (Boehringer Mannheim, Indianapolis, Ind.)
was substituted for dGTP in a ratio of 3:1 to increase ampli-
fication efficiency. Amplification proceeded for a total of 40
cycles with denaturation at 98°C for 1 min, annealing at 55°C
for 1 min, and extension at 72°C for 1.5 min. PCR amplifica-
tions of HLP cDNA using oligonucleotides 9 and 10 were
performed with 1 U of Taq DNA polymerase (Promega,
Madison, Wis.); a 1:10 dilution of lOX reaction buffer as
supplied with the Taq polymerase; 200 ,uM (each) dATP,
dCTP, and dTTP; 50 j±M dGTP; and 150 ,uM 7-deaza-dGTP
(Boehringer Mannheim) with a 0.5 pM concentration of each
primer in a 20-,ul reaction volume. Amplification proceeded
for a total of 40 cycles with denaturation at 94°C for 1 min,
annealing at 55°C for 1 min, and extension at 72°C for 1 min.
RNA purification and cDNA synthesis. RNA was isolated

from DNA by ultracentrifugation on a 4 M guanidine thiocy-
anate-cesium chloride step gradient as described previously
(12). Residual DNA in the RNA was digested with DNase I
(Boehringer Mannheim). After priming with oligo-dTTP,
cDNA was synthesized from 20 p,g of HLP RNA with Super-
script reverse transcriptase (Gibco BRL, Grand Island, N.Y.)
in the presence of 100 jiWM (each) dATP, dCTP, dGTP, and
dTTP.

Probes and Southern blots. Restriction enzyme-digested
HLP DNA and PCR products were subjected to agarose gel
electrophoresis, transferred to a supported nitrocellulose
membrane (Micron Separations Inc., Westboro, Mass.), and
hybridized by Southern blot. The RNA probes designated
2A-YH and 2B-YH, which have been described elsewhere
(39), were synthesized from cloned EBV DNA fragments using
[a- 2P]UTP (Amersham, Arlington Heights, Ill.) and SP6
RNA polymerase (Promega). These probes identify both the
BamHI Y and H portions of the EBNA-2 gene and also
differentiate between the EBNA-2A and EBNA-2B forms of
the gene. RNA probe 2A-Y contains the EBV sequence from
the HindIll site in BamHI-Y (coordinate 48039) to the
polyproline region of the EBNA-2A gene (coordinate 48737).
RNA probe 2A-dH contains the sequence from the NcoI site in
EBNA-2A (coordinate 49467) to the AhalIl site in U2 (coor-
dinate 50305) of the BamHI H fragment. Probes 2A-Y and
2A-dH hybridize to EBNA-2 and surrounding sequences from
the BamHI Y and H fragments, respectively. These two probes
were synthesized from cloned DNA fragments by using
[a-32P]UTP (Amersham) and T3 or T7 RNA polymerase

(Promega). Single-stranded oligonucleotide 11 (Table 1) was
labeled with [y-32P]ATP (Amersham) and T4 polynucleotide
kinase (New England Biolabs) for use as an oligoprobe.

Cloning ofPCR products. In some cases, the entire contents
of a PCR mixture were cloned, while in other cases, specific
bands were isolated by gel electrophoresis and purified with
the GeneClean Kit (Bio 101, La Jolla, Calif.) before further
amplification and cloning. XbaI and PstI restriction enzyme
sites within PCR primers 1 and 8, respectively, allowed efficient
cloning into plasmid vector pGem3Z (Promega). PCR prod-
ucts generated from primers 9 and 8 were cloned with restric-
tion enzymes SmaI and PstI. Ligated PCR products and
vectors were grown in Escherichia coli DHSaF'IQ, which is a
recA mutant and deficient for in vitro recombination (Gibco
BRL). Bacterial colonies containing the appropriate cloned
PCR products were identified by in situ hybridization with
probe 2A-YH or 2B-YH. Plasmid DNA for sequencing was
extracted from bacterial cell cultures by alkaline lysis and was
purified on Qiagen-tip columns (Qiagen Inc., Chatsworth,
Calif.) or was isolated as described previously (36).
DNA sequencing. The DNA sequence was obtained from

cloned DNA by the dideoxynucleotide chain termination
method with [a- 5S]ATP (Amersham) and Sequenase (version
2.0) enzyme (United States Biochemical, Cleveland, Ohio).
The sequencing reactions were primed with oligonucleotides
matching the SP6 and T7 RNA polymerase promoter primer
sequences within vector pGem3Z (Promega) as well as oligo-
nucleotides 1 to 8 (Table 1). Sequencing reaction products
were run on 8% denaturing polyacrylamide (Long Ranger; AT
Biochem Inc., Malvern, Pa.) gels with 25% formamide.

RESULTS

DNA structure ofEBNA-2 deletions. To determine the DNA
structure of the EBNA-2 deletion variants detected in HLP
(Fig. 1), HLP DNA from six different human immunodefi-
ciency virus-infected patients (LC, PL, VL, WL, LH, and MT)
was analyzed by PCR amplification, cloning, and sequencing of
the EBNA-2 gene. PCR amplification of HLP DNA from
patient LC demonstrated the presence of four different sizes of
the EBNA-2A coding sequence: 1,360, 1,000, 750, and 420 bp
(Fig. 1). EBV-2 represented by EBNA-2B was not detected.
Three of the four products were cloned and sequenced
(LC1360, LC746, and LC422) and demonstrated several dif-
ferent patterns of internal EBNA-2A deletion (Fig. 2A). All
three clones contained internal deletions within the polypro-
line region as compared with the prototype EBNA-2A strain,
B95-8 (2). Two of the clones, LC746 and LC422, each con-
tained unique, larger deletions of EBNA-2 sequence to the
right of the polyproline region.

Amplification of DNA from patient PL yielded product
bands of 850, 510, and 420 bp of EBNA-2A but not of
EBNA-2B (Fig. 1). A band representing the full-length, intact
form of the gene was not detected. Three clones (PL512,
PL503, and PL422) representing the two smaller product
bands were obtained and sequenced (Fig. 2B). Similar to the
LC clones, each PL clone contained a different sequence
within the polyproline region, including both deletions and an

insertion of sequence as compared with the B95-8 strain. Each
of the three PL clones also contained an identical large
deletion from within sequences to the right of the polyproline
region. The structure of this deletion was identical to that of
clone LC422.

Amplification of DNA from patient VL generated
EBNA-2A PCR product bands of 1,450, 950, and 560 bp (Fig.
1). Clones of the 950- and 560-bp products (VL947 and
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FIG. 1. PCR amplification of the EBNA-2 gene from HLP DNA. HLP DNA from six different patients was amplified by PCR using
oligonucleotide primers 1 and 8 and hybridized to the 2A-YH probe (patients LC, PL, VL, WL, LH, and MT [MT lane A]) and the 2B-YH probe
(MT only [lane B]). These probes differentiate EBV-1 from EBV-2 and identify sequences from both BamHI-Y and -H. PCR product sizes are
given in base pairs.

VL560) were obtained and sequenced (Fig. 2C). The two
clones contained large internal EBNA-2A deletions that dif-
fered from each other and from those of LC and PL. In both
VL947 and VL560, the deletions included the polyproline
region and part of the amino-terminal sequence.
DNA from patient WL was amplified and demonstrated a

440-bp EBNA-2A product without evidence of a full-length,
intact form of the gene (Fig. 1). Cloning and sequencing the
PCR product (WL441) demonstrated another unique, large
deletion that included the polyproline sequence (Fig. 2D). The
deletion in this clone began at the same 5' site as in clone
VL560 but ended at a different 3' site.

Amplification of DNA from patient LH produced 1,350-,
760-, and 560-bp EBNA-2A products (Fig. 1), but only the
760-bp band was cloned and sequenced (LH764) (Fig. 2E).
This clone also contained a large deletion that included the
polyproline region. It differed from the deletions described for
the LC, PL, VL, and WL clones.

Amplification of DNA from patient MT yielded PCR prod-
uct bands of 1,460 bp (EBNA-2A), 1,400 bp (EBNA-2B), and
980 bp (EBNA-2B) (Fig. 1). Clones representing the 1,460-
and 980-bp products (MT1444 and MT982) were obtained and
sequenced (Fig. 2F). Clone MT1444 contained full-length,
intact EBNA-2A sequence, differing from B95-8 by both a
deletion and a small insertion of sequence within the polypro-
line region. Clone MT982 was EBV-2 (EBNA-2B), and its
polyproline region was identical to that of the laboratory
Burkitt's lymphoma strain AG876 (9). Unlike the EBNA-2A
clones, MT982 contained a unique, large deletion of sequence
at the carboxy-terminal end of the gene.
These HLP EBNA-2 clones demonstrated a variety of

deletion and insertion sites within the polyproline region
(Table 2). In each clone, the EBNA-2 open reading frame was
preserved by the sequence changes. Identical 5' deletion start
sites were detected in clones LC1360 and LC746 and in clones
LC422, PL512, PL503, PL422, and MT1444. Identical 3'
deletion end sites were detected in clones PL512 and PL503
and in clones LC746, LC422, and PL422. Thus, identical
polyproline deletions were detected in LC422 and PL422 and
in PL512 and PL503. Clone PL512 differed from PL503 by the
addition of one copy of the repeated sequence CCACCACCT
between coordinates 48722 and 48759, while MT1444 also
contained one additional copy of the repeated sequence CCC
CCACCA between coordinates 48710 and 48756.
The HLP EBNA-2 clones also demonstrated a variety of

deletion sites within the unique coding sequences (Table 3).
For each of the EBNA-2A clones, the EBNA-2 open reading
frame was disrupted by the large internal deletion, which

introduced a new stop codon 3' to the deletion. The EBNA-2B
clone, MT982, preserved the EBNA-2 open reading frame
after the deletion but also preserved the original stop codon
immediately 3' to the deletion. Identical large deletions were
detected in clones LC422, PL512, PL503, and PL422. Clones
VL560 and WL441 contained identical 5' deletion start sites
but different 3' end sites. Aside from these identities, there was
no apparent sequence homology between deletion start and
end sites within each clone or among different clones (data not
shown).
To verify that the variation among the HLP EBNA-2 clones

represented the in vivo DNA structure of EBNA-2 rather than
in vitro recombination during the PCR and cloning processes,
EBNA-2A DNA from the B95-8 strain was examined after
PCR amplification and cloning under identical conditions. A
previous clone of B95-8 EBNA-2 that has been maintained in
the laboratory for 10 years with repeated subcloning, transfor-
mation, and purification demonstrated complete sequence
stability over that time (data not shown). DNA from that clone
was amplified and cloned in a manner identical to that used for
the HLP DNA. Eighteen clones were examined and contained
the intact EBNA-2A coding sequence. In 17 of the 18 clones,
there was no change in the sequence of the polyproline region,
while 1 clone demonstrated an in-frame deletion of 90 bp. This
deletion did not match any of the polyproline deletion sites of
the HLP clones or the W91 EBV strain (Table 2) and may have
arisen during the PCR amplification process (18). Given the
low (6%) incidence of artifactual polyproline variation gener-
ated by the specific methods and conditions employed in this
study, the polyproline regions described for the HLP EBNA-2
clones likely represent naturally occurring strain and variant
differences.
To verify the origin of the larger deletions, HLP DNA was

examined to detect and quantify the intact and deleted forms
of the EBNA-2 gene present prior to PCR amplification. In the
HLP clones LC746, VL947, VL560, WL441, and LH764, the
EBNA-2 genes contained deletions that spanned the BamHI
restriction enzyme site between BamHI-Y and -H. Therefore,
two probes (2A-Y and 2A-dH) were designed to detect
EBNA-2 and surrounding sequences from each side of the
BamHI-YH restriction site (Fig. 3). For patients LC, VL, WL,
LH, and MT, HLP DNA was digested with BamHI and
hybridized with probes 2A-Y and 2A-dH (Fig. 3). The 2A-dH
probe identified a typical 6.2-kb BamHI H fragment in HLP
specimens LC, VL, VL + 1 mo., and LH. However, in the
specimens LC, VL, VL + 1 mo., WL, and LH, a 7.2-kb
fragment was identified by both the 2A-Y and 2A-dH probes.
The size and hybridization characteristics of the 7.2-kb frag-
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FIG. 2. Strain sequence and structural analysis of the HLP EBNA-2 PCR clones. Diagrams describe the EBNA-2 type, strain, and substrain
and illustrate the structure of the EBNA-2 internal deletions. The DNA sequence and structure of the HLP clones are compared with those of
the appropriate LCL reference strain, B95-8, W91, or AG876. Short vertical lines represent single-base-pair changes in sequence as compared with
the reference strain above. Numbers in parentheses indicate substrain identity of each clone based on EBNA-2 sequence variation. PRO indicates
the polyproline region of EBNA-2. Deletions are illustrated by thin lines. Insertions are illustrated by small rectangles. A stop sign indicates the
location of the first stop codon after a deletion in the new reading frame.

ment were consistent with a fusion of the BamHI Y (1.8-kb)
and H (6.2-kb) fragments resulting from an approximately 0.5-
to 1-kb deletion of EBNA-2 coding sequence spanning the
BamHI restriction site, as predicted by the HLP EBNA-2
clones.

Additionally, a second fragment larger than 7.2 kb in
specimen WL also hybridized with both the 2A-Y and 2A-dH
probes, suggesting the presence of EBNA-2 internal deletion
as well as additional rearrangements in this fragment. For
specimen LH, the 2A-dH probe identified a 6.2-kb BamHI H
fragment, but a corresponding 1.8-kb BamHI Y fragment was
not detected by the 2A-Y probe. This result suggests that

additional EBNA-2 rearrangements have occurred in this HLP
lesion beyond those represented by the 7.2-kb fragment. For
the two specimens WL and MT + 5 mo., typical 1.8-kb BamHI
Y and 6.2-kb BamHI H fragments were not detected, indicat-
ing that the 7.2-kb EBNA-2 deletion variants were the pre-
dominant forms of EBV replicating in these two HLP lesions.
Remarkably, the 7.2-kb EBNA-2 deletion variant of patient
VL persisted within the lesion over a 1-month period. In all
HLP specimens, the quantity of the 7.2-kb EBNA-2 deletion
variants exceeded 50 copies per cell. Thus, for these HLP
specimens, EBV molecules consistent with both intact and
internally deleted forms of the EBNA-2 gene were detectable

n
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TABLE 2. EBNA-2 polyproline deletions

HLP clone or 5' deletion 3' deletion
strain start' enda

LC1360 48696 48755
LC746 48696 48791
LC422 48687 48791
PL512b 48687 48710
PL503 48687 48710
PL422 48687 48791
MT1444b 48687 48707
W91 strain 48701 48715
B95-8 PCR control 48722 48802

a Coordinates are given according to the numbering of the genome of the
B95-8 strain (2).

b The clone also contained an insertion of sequence into the EBNA-2
polyproline region (see text).

in abundance in the original HLP DNA before PCR amplifi-
cation. Amplification of HLP DNA generated products that
accurately detected the presence of the different forms of the
EBNA-2 gene within the HLP lesion. Additionally, the size
correlation between the PCR products and the HLP EBNA-2
clones indicated that the unique sequence deletions of these
EBNA-2 genes did not arise during the cloning process.
EBNA-2 sequence variation and strain identification. Al-

though the EBNA-2A gene (EBV-1) is highly conserved, the
laboratory lymphoblastoid cell line (LCL) strain W91 is differ-
entiated from LCL strain B95-8 by 13 nucleotide substitutions
and a codon insertion (Table 4) (2, 7). With a majority of the
changes occurring in the nonessential divergent region and
with largely conserved amino acid sequences, B95-8 and W91
are functionally identical in lymphocyte transforming and
transactivating assays (7). Previously, partially sequenced wild-
type EBNA-2A genes from African and New Guinean isolates
were found to closely resemble the W91 strain (1). In the
present study, a large degree of sequence variation was de-
tected in EBNA-2A genes cloned from HLP specimens; how-
ever, the sequences of most of the clones conformed to the
sequence patterns of either the B95-8 strain or the W91 strain.

In Fig. 2, vertical lines above the horizontal bars represent
the locations of single-base-pair changes in the EBNA-2
sequence relative to the reference strain above. Sequence
variation within the polyproline region has been excluded from
this analysis. All three LC clones contained an EBNA-2
sequence that differed from that of B95-8 by only 2 or 3 bp
(Fig. 2A) but contained none or only one of the W91 signature

TABLE 3. EBNA-2 internal deletions of unique sequences

HLPclone ~~5' deletion 3' deletionHLP clone start" enda

LC746 48764 49413
LC422 48922 49850
PL512 48922 49850
PL503 48922 49850
PL422 48922 49850
VL947 48559 49070
VL560 48577 49472
WL441 48577 49591
LH764 48677 49368
MT982 944 1318

a Coordinates are given according to the numbering of the genome of the
B95-8 strain (2), except for those of HLP clone MT982, which are given as the
nucleotide number of the EBNA-2B coding sequence (9).
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FIG. 3. EBNA-2 deletion variants in vivo. Eight samples of HLP
DNA from five different patients (LC, VL at two sequential time
points, WL, LH, and MT at three sequential time points) were
digested with BamHI and hybridized in duplicate with probes 2A-Y
and 2A-dH, whose hybridization domains are shown by the hatched
bars above the schematic diagram of the EBNA-2 gene region.
Reconstructions of Raji EBV LCL DNA indicate the EBV genome
copy number per cell. Fragment sizes are indicated in kilobases.

changes. Therefore, the LC clones represented substrains of
the B95-8 strain. Clone LC746 contained a sequence in its
undeleted regions that was identical to that in LC1360, but
both differed from the clone LC422 sequence by 4 bp in the
small amount of undeleted sequence common to all three. The
sequence identity between LC1360 and LC746 indicated sub-
strain identity between these two clones and implied an
evolutionary process within the lesion, generating the large
deletion of LC746 from an intact form of the gene represented
by LC1360. Similarly, the variation between the polyproline
regions of these two clones indicated a second site of intra-
strain viral recombination. The sequence variation of the
LC422 clone identified it as a separate B95-8 substrain, and its
presence in the HLP lesion implied coinfection of the HLP
lesion with two different B95-8 substrains of the same EBV
type, as suggested for HLP by previous studies (39).

All three PL clones contained identical sequences in their
undeleted regions that differed only slightly from that of B95-8
(Fig. 2B), with no W91 signature changes, indicating a B95-8
substrain identity between them. As demonstrated by the LC
clones, intrastrain recombination within the polyproline region
generated these three PL variants. Remarkably, the large
deletion was identical in all three PL clones and was identical
to that of clone LC422, while the EBNA-2 sequence between
the PL clones and LC422 differed by only 2 bp. The similarities
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TABLE 4. EBNA-2A strain signatures of W91 and MT1444 compared with those of B95-8

B95-8 EBNA-2 Nucleotide Amino acid Conserved or similar EBNA-2 functional Strain Strain
coordinatea codon change change amino acid domain W91 MT1444

48619 39 A-*C Gln--Pro - Amino terminal -+
48628 42 A-*G Asp--Gly - Amino terminal -+
48629 42 C- A Asp-->Gly - Amino terminal -+
48990 163 A->G Arg--Glu - Divergent + +
48991 163 G->A Arg--Glu - Divergent -+
48991 163 G- T Arg->Val - Divergent +
48998 165 C- A Val--Val + Divergent + +
49057 185 A-+G Gln->Arg - Divergent + -

49091 196 G->T Met->Ile + Divergent + -

49113 204 A-*T Thr--Ser + Divergent + -

49136/49137 211/212 -b--CUC -->Leu - Divergent + -

49170 223 C- T Leu-4Leu + Divergent + -

49211 236 C- T Thr--Thr + Divergent - +
49218 239 C- A Gln--Thr - Divergent - +
49219 239 A--C Gln->Thr - Divergent - +
49444 314 T-*C Leu--Ser - Protein binding - +
49449 316 C->A His-*Asn - Protein binding +
49613 370 T--A Pro--Pro + Nonessential +
49754 417 G-*A Thr--Thr + Nonessential +
49777 425 T--C Ile->Thr - Acidic -+
49793 430 C->T Ser--Ser + Acidic -+
49913 470 A-4T Ser--Ser + Acidic +
49923 474 T-*C Tyr--Asn - Acidic +
49930 476 A-*G Glu-->Gly - Nuclear localization + +

a Coordinates listed in this analysis exclude the EBNA-2 polyproline region and EBNA-2 sequences contained within the oligonucleotide PCR primers 1 and 8.
b_-, none.

among these clones from different patients suggested either
that this specific deletion has evolved independently in two
different HLP lesions or that variant strains or substrains
containing this specific deletion and circulating in the commu-
nity have independently infected these two HLP lesions. The
absence of a full-length form of EBNA-2 by PCR in the PL
HLP lesion could suggest infection by this deletion variant
rather than its evolution within the lesion. Regardless of its
origins, the existence of this specific deletion variant in more
than one HLP suggested that it possesses biological advantages
for permissive EBV infection in HLP.
Both VL947 and VL560 contained identical sequences in the

undeleted regions. VL947 contained the signature W91 codon
insertion, and both clones differed from W91 by only a single
nucleotide change (Fig. 2C), indicating W91 substrain identity
of VL947 and VL560. Similar to LC746, both VL clones were
therefore derived from a full-length, parental form of the
EBNA-2A gene, likely represented by the uncloned 1,450-bp
PCR product.

Clone WL441 contained a large deletion encompassing the
most divergent sequence between W91 and B95-8. The se-
quence of WL441 differed from that of W91 by 4 nucleotides
but differed from that of B95-8 by only 1 nucleotide (Fig. 2D).
Thus, clone WL441 likely represented a B95-8 substrain,
separate from the substrains of the LC and PL clones. Anal-
ogous to the PL HLP lesion, no full-length form of EBNA-2
was detected by PCR in the WL HLP lesion, again suggesting
the possibility of direct infection by this EBNA-2-deleted viral
variant.
Although the region of the W91 signature codon insertion

was deleted in this clone, LH764 contained a sequence in the
undeleted regions that closely matched that of W91 (Fig. 2E)
and that matched identically with the undeleted sequences of
the VL clones. Therefore, VL947, VL560, and LH764 may
represent the same W91 substrain independently infecting the
HLP lesions of two patients. Differences in the deletion sites

among these three clones again indicated that deletion site
variation was not sequence specific.

Clone MT982 contained a sequence in its undeleted region
that was nearly identical to the EBNA-2B sequence of the
laboratory Burkitt's lymphoma strain AG876 (Fig. 2F). The
concurrent presence of the EBNA-2A gene within this HLP
lesion, MT1444, confirmed at the sequence level that some
HLP lesions are coinfected with both EBV-1 and EBV-2 (39).
The sequence of MT1444 differed from that of B95-8 by 13
nucleotide substitutions (Fig. 2F). Although three of those
changes matched W91 sequence changes, MT1444 lacked the
signature codon insertion and differed from W91 by 20 nucle-
otide substitutions. The nucleotide and amino acid substitu-
tions of MT1444 are compared with the sequences of both
B95-8 and W91 in Table 4. With significant sequence diver-
gence from both B95-8 and W91, the EBNA-2A sequence of
MT1444 likely represents a new, third strain of EBV-1. On the
basis of the known functional domains of the EBNA-2A
protein (6, 7, 23, 24), the changes in MT1444 would likely not
alter transformation and transactivation functions of this gene
in B lymphocytes.
EBNA-2 transcription in HLP. For each of the Epstein-Barr

nuclear antigens 1 to 6, expression requires unique differential
splicing of a single mRNA transcript before translation (31).
The RNAs of 10 different HLP biopsy specimens from six
different human immunodeficiency virus-infected patients
were reverse transcribed into cDNA and analyzed by PCR
amplification for EBNA-2 specific posttranscriptional process-
ing. In this assay, PCR primers 9 and 10 flanked the intron
between the Y2 and the YH exons (Fig. 4) (31) such that
amplification of the correctly processed EBNA-2 message
generated a 209-bp product. Unspliced mRNA or contaminat-
ing DNA was detected by a 595-bp PCR product. The 209-bp
PCR product was detected in 6 of 10 HLP specimens from four
of the six patients, including patients VL and WL (Fig. 4).
These results indicated that the appropriate transcriptional
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FIG. 4. Expression of the EBNA-2 open reading frame in HLP. Ten samples of HLP cDNA from six different patients (VL, WL at two
sequential time points, PL, NL, CG, and RF at four sequential time points) were amplified by PCR using oligonucleotide primers 9 and 10. These
primers amplify across the intron between the Y2 and the YH exons upstream of the EBNA-2 coding sequence. The PCR products were identified
by hybridization to oligonucleotide probe 11. The 209-bp products represent the correct mRNA splice for EBNA-2 expression, while the 595-bp
products represent unspliced mRNA or contaminating DNA. RT, reverse transcriptase.

processing for the expression of the EBNA-2 open reading
frame occurs and persists in some HLP lesions.
To confirm the presence of the Y2-to-YH splice and deter-

mine if the internally deleted forms of EBNA-2 may be
expressed in HLP, cDNA from patient WL was PCR amplified
with primers 9 and 8, which span both the Y2-to-YH splice site
and the EBNA-2 open reading frame (Fig. 4). Cloning and
sequencing this PCR product from WL cDNA demonstrated
the presence of the Y2-to-YH splice in conjunction with the
internal deletion of the EBNA-2 coding sequence (Fig. 5). The
internal EBNA-2 deletion and the undeleted EBNA-2 se-
quences of the WL cDNA clone matched identically with those
of the WL DNA clone WL441, indicating that the internally
deleted EBNA-2 genes of HLP lesions are transcribed and
appropriately processed to be translated into protein within an
HLP lesion.

DISCUSSION

Previous studies have demonstrated that EBV exists in HLP
as a continuously evolving, heterogeneous population of viral
types, strains, and recombinant variants (39). EBV-1 and
EBV-2 are distinguished by nearly 40% sequence divergence
of the EBNA-2 gene (9) and up to 20% divergence in the
EBNA-3, EBNA-4, and EBNA-6 genes (32). In the laboratory,
EBV strains have been defined by restriction fragment length
polymorphisms arising from sequence variation at restriction

ATG TAA

8-
FIG. 5. Sequence and structural analysis of an HLP cDNA. The

PCR amplification product of oligonucleotide primers 9 and 8 from
patient WL HLP cDNA was cloned and sequenced. It contained the
mRNA splice from exon Y2 to exon YH continuously joined to
EBNA-2 coding sequence that identically matched the sequence and
structure of the HLP DNA clone WL441.

sites and/or variation of repetitive sequences within the frag-
ment (3, 8, 16). Previous and present data demonstrate that
EBV intrastrain recombination within both repetitive and
unique sequences of the EBNA-2 and latent membrane pro-
tein 1 genes generates variants during productive replication in
HLP (27, 39). Thus, in the study of permissive EBV infections,
EBV strains could be more accurately distinguished by se-
quence identity or divergence within genes that are known to
differ between isolates (7, 27).
The present study validates and extends this definition of an

EBV strain by demonstrating that most wild-type EBNA-2A
nucleotide sequences assort with known strain variation from
laboratory LCLs. The one HLP EBNA-2 clone not resembling
either B95-8 or W91 likely represents a third wild-type strain,
although confirmation will require examination of more EBV
isolates. EBV strains may be further divided into substrains on
the basis of additional nucleotide substitutions within a given
EBNA-2A strain sequence. In the HLP of patients LC, PL, and
VL, this definition of EBNA-2A substrain enabled the differ-
entiation between EBV coinfection and the generation of
deletion variants through recombination. The distinction be-
tween EBNA-2A strain and substrain is clearly one of degree
and dependent on the rate of evolutionary changes in vivo
(EBV polymerase errors), the rate of mutation in vitro (E. coli
polymerase errors), and the fidelity of the thermostabile DNA
polymerase used for PCR amplification. On the basis of the
sequence stability of the EBNA-2 clone of B95-8, the contri-
bution of E. coli polymerase to variation appears negligible.
The Vent DNA polymerase used in this study contains a
3'-to-5' proofreading exonuclease activity which results in very
high-fidelity nucleotide incorporation. Therefore, PCR ampli-
fication is also unlikely to be the source of sequence variation.
The biological implications of strain and substrain sequence

variation are unclear, but some amino acid substitutions may
play a role in antigenic variation of a critical viral protein,
resulting in evasion of host immune recognition. In persons
expressing HLA-A11 major histocompatibility complex class I
molecules, the HLA-A11 restricted cytotoxic T-lymphocyte
response is to a specific epitope of the EBNA-4 protein (11). In
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human populations with a high prevalence of HLA-A11, the
predominant EBV-1 strain has mutated a single amino acid
residue within that epitope, abrogating the host cytotoxic
T-lymphocyte recognition of that protein (10). For EBNA-2A,
two cytotoxic T-lymphocyte epitopes have been defined: amino
acids 42 to 51, associated with HLA-A2, and amino acids 276
to 291, associated with HLA-B18 (21). The EBNA-2A sub-
strain represented by clones LC1360 and LC746 has mutated
amino acid 42 (Asp-*Asn) within the first epitope. Similarly,
the EBNA-2A strain represented by clone MT1444 has mu-
tated the same amino acid (Asp-*Gly) within the first epitope.
Both of these amino acid changes result in significant side
chain substitutions that may alter the immune processing and
recognition of that epitope in persons expressing HLA-A2 and
possibly other HLA types.
The G+C-rich, repetitive EBNA-2 polyproline region is

dispensable for transactivation and transformation function in
B lymphocytes (7) and varies in length among strains, espe-
cially between EBV-1 and EBV-2 (7, 9). Even two clones of the
same LCL strain (B95-8) from two different laboratories have
evolved a 9-nucleotide difference in polyproline length (2, 9).
Analogous to the variable Gly-Ala amino acid repeats of the
EBNA-1 gene (17), polyproline variation could account for
some of the variation in EBNA-2 protein size detected among
wild-type EBV isolates (13, 14, 34). While homologous recom-
bination is a consistent feature of productive EBV replication
both in vitro and in vivo (27, 38, 39), examples from herpes
simplex virus type 1 suggest that recombination also occurs at
specific G+C-rich recognition sites denoted by specific DNA
conformations (19, 40). Thus, viral recombination within the
EBNA-2 polyproline region could account for the polyproline
variations detected in the same-strain EBNA-2 genes from a
single HLP specimen.
During productive replication both in vitro and in vivo, EBV

recombination within nonrepetitive genome regions generates
viral variants through the deletion, insertion, or juxtaposition
of sequences (4, 20, 28, 29, 35). The heterogeneous DNA of
the P3HR-1 LCL replicates independently and is transmissible
in culture (25), while EBNA-2-deleted variants similar to
P3HR-1 are detectable in oropharyngeal secretions from 15%
of healthy adults and in over 90% of HLP specimens (35, 39).
Present data from HLP indicate that EBNA-2 internal deletion
variants not only arise through recombination within the HLP
lesion but may exist as independent strains as well. Given the
abundance and variety of deletions detected, EBNA-2 appears
to be an exceptionally active region for viral recombination
during productive replication. However, the diversity of sites
utilized in EBNA-2 recombination reveals neither homology
nor sequence specificity nor consistently high G+C content to
suggest a single mechanism of recombination.

Previous studies have not convincingly demonstrated the
expression of the EBNA-2 gene in HLP. EBNA-2 transcripts
were not detected by Northern blotting ofHLP RNA, nor were
they detected in two cDNA libraries of HLP biopsy specimens
(22). The presence of EBNA-2 protein in HLP histologic tissue
sections was reportedly detected in approximately 50% of
specimens by using monoclonal antibody PE2 (33, 37). In the
present study, PCR analysis of HLP cDNA detected EBNA-2
transcripts in approximately two-thirds of the HLP specimens,
including transcription of internally deleted EBNA-2 genes.
Translation of deleted EBNA-2 gene transcripts would pro-
duce proteins lacking the PE2 epitope (7) and probably lacking
many human antibody epitopes, making the putative variant
proteins difficult to detect by immunologic techniques.
The EBNA-2 gene product is required for EBV transforma-

tion of B lymphocytes, differing in its transformation efficiency

between EBNA-2A and EBNA-2B (5). An important regula-
tory gene in B-lymphocyte infection, EBNA-2 transactivates a
number of cellular and viral genes and coordinates the expres-
sion of other EBNA genes (7, 30). Like P3HR-1, EBV strains
deleted for the EBNA-2 gene are transformation incompetent
but can superinfect latent LCLs and replicate efficiently (26,
29, 35). However, the role for EBNA-2 in epithelial infection is
uncertain. Latently infected epithelial cells of nasopharyngeal
carcinoma do not express the EBNA-2 gene (41), and EBNA-2
is not required for productive replication in mucosal epithelial
infections (35).
The abundance and frequency with which EBNA-2-defec-

tive variants occur and persist in HLP suggest positive selection
for the biological properties of these variants (35, 39). The
domains for nuclear localization, protein-protein interactions,
and DNA transcriptional transactivation within the carboxy
terminus of the protein have been deleted from all of the
EBNA-2 variants detected in these HLP lesions (6, 7, 23, 24).
This loss of EBNA-2 function could facilitate the initiation of
viral replication by failing to stimulate latency-associated gene
expression, an advantageous attribute in a permissive environ-
ment. The diversity of internally deleted EBNA-2 genes may
simply reflect positive selection for a variety of random viral
variants that are incapable of expressing a functional EBNA-2
protein.

Alternatively, the expression of the internally deleted
EBNA-2 gene could play an as yet undefined role in permissive
epithelial infection. These genes have preserved some or all of
the amino-terminal domain which is 98% conserved at the
nucleotide level among the HLP EBNA-2A strains and 80%
conserved at the amino acid level between EBNA-2A and
EBNA-2B (9). The maintenance and expression of the
EBNA-2 amino-terminal domain in HLP may indicate viral
conservation of a functionally important domain for permissive
infection of mucosal epithelium. The prevalence and persis-
tence in HLP of the internally deleted EBNA-2 variants
suggest that the role of EBNA-2 recombination in permissive
EBV infection warrants further study.

ACKNOWLEDGMENTS

Dennis M. Walling is a Howard Hughes Medical Institute Physician
Research Fellow. This study was supported by a grant from the
National Institutes of Health (CA52406).

REFERENCES
1. Aitken, C., S. K. Sengupta, C. Aedes, D. J. Moss, and T. B. Sculley.

1994. Heterogeneity within the Epstein-Barr virus nuclear antigen
2 gene in different strains of Epstein-Barr virus. J. Gen. Virol.
75:95-100.

2. Baer, R., A. T. Bankier, M. D. Biggin, P. L. Deininger, P. J. Farrell,
T. J. Gibson, G. Hatfull, G. S. Hudson, S. C. Satchwell, C. Sequin,
P. S. Tufnell, and B. G. Barrell. 1984. DNA sequence and
expression of the B95-8 Epstein-Barr virus genome. Nature (Lon-
don) 310:207-211.

3. Bornkamm, G. W., H. Delius, U. Zimber, J. Hudewentz, and M. A.
Epstein. 1980. Comparison of Epstein-Barr virus strains of differ-
ent origin by analysis of the viral DNAs. J. Virol. 35:603-618.

4. Cho, M. S., G. W. Bornkamm, and H. zur Hausen. 1984. Structure
of defective DNA molecules in Epstein-Barr virus preparations
from P3HR-1 cells. J. Virol. 51:199-207.

5. Cohen, J., F. Wang, J. Mannick, and E. Kieff. 1989. Epstein-Barr
virus nuclear protein 2 is a key determinant of lymphocyte
transformation. Proc. Natl. Acad. Sci. USA 86:9558-9562.

6. Cohen, J. I., and E. Kieff. 1991. An Epstein-Barr virus nuclear
protein 2 domain essential for transformation is a direct transcrip-
tional transactivator. J. Virol. 65:5880-5885.

7. Cohen, J. I., F. Wang, and E. Kieff. 1991. Epstein-Barr virus
nuclear protein 2 mutations define essential domains for transfor-

VOL. 68, 1994



7926 WALLING ET AL.

mation and transactivation. J. Virol. 65:2545-2554.
8. Dambaugh, T., C. Biesel, M. Hummel, W. King, S. Fennewald, A.

Cheung, M. Heller, N. Raab-Traub, and E. Kief. 1980. Epstein-
Barr virus (B95-8) DNA: molecular cloning and detailed mapping.
Proc. Natl. Acad. Sci. USA 77:2999-3003.

9. Dambaugh, T., K. Hennessy, L. Chamnankit, and E. Kief. 1984.
U2 region of Epstein-Barr virus DNA may encode Epstein-Barr
nuclear antigen 2. Proc. Natl. Acad. Sci. USA 81:7632-7636.

10. de Campos-Lima, P.-O., R Gavioli, Q. Zhang, L. Wallace, R.
Dolcetti, M. Rowe, A. Rickinson, and M. Masucci. 1993. HLA-A11
epitope loss isolates of Epstein-Barr virus from a highly All +
population. Science 260:98-100.

11. Gavioli, R., M. Kurilla, P.-O. de Campos-Lima, L. Wallace, R.
Dolcetti, R. Murray, A. Rickinson, and M. Masucci. 1993. Multi-
ple HLA All-restricted cytotoxic T-lymphocyte epitopes of dif-
ferent immunogenicities in the Epstein-Barr virus-encoded nu-

clear antigen 4. J. Virol. 67:1572-1578.
12. Gilligan, K., P. Rajadurai, L. Resnick, and N. Raab-Traub. 1990.

Epstein-Barr virus small nuclear RNAs are not expressed in
permissively infected cells in AIDS-associated leukoplakia. Proc.
Natl. Acad. Sci. USA 87:8790-8794.

13. Gratama, J. W., M. A. P. Oosterveer, G. Klein, and L. Ernberg.
1990. EBNA size polymorphism can be used to trace Epstein-Barr
virus spread within families. J. Virol. 64:4703-4708.

14. Gratama, J. W., M. A. P. Oosterveer, W. Weimar, K. Sintnicolaas,
W. Sizoo, R. L. H. Bolhuis, and I. Ernberg. 1994. Detection of
multiple "Ebnotypes" in individual Epstein-Barr virus carriers
following lymphocyte transformation by virus derived from periph-
eral blood and oropharynx. J. Gen. Virol. 75:85-94.

15. Greenspan, J. S., D. Greenspan, E. Lennette, D. I. Abrams, M. A.
Conant, V. Petersen, and U. K. Freese. 1985. Replication of
Epstein-Barr virus within the epithelial cells of oral "hairy"
leukoplakia, an AIDS-associated lesion. N. Engl. J. Med. 313:
1564-1571.

16. Heller, M., T. Dambaugh, and E. Kieff. 1981. Epstein-Barr virus
DNA. IX. Variation among viral DNAs from producer and
nonproducer infected cells. J. Virol. 38:632-648.

17. Hennessy, K., M. Heller, V. van Santen, and E. Kieff. 1983. Simple
repeat array in Epstein-Barr virus DNA encodes part of the
Epstein-Barr nuclear antigen. Science 220:1396-1398.

18. Huang, L.-M., and K.-T. Jeang. 1994. Long-range jumping of
incompletely extended polymerase chain fragments generates
unexpected products. BioTechniques 16:242-246.

19. Hwang, C. B. C., and E. J. Shillitoe. 1991. Analysis of complex
mutations induced in cells by herpes simplex virus type-1. Virology
181:620-629.

20. Jenson, H. B., P. J. Farrell, and G. Miller. 1987. Sequences of the
Epstein-Barr virus (EBV) large internal repeat form the center of
a 16-kilobase-pair palindrome of EBV (P3HR-1) heterogeneous
DNA. J. Virol. 61:1495-1506.

21. Khanna, R., S. R Burrows, M. G. Kurilla, C. A. Jacob, i. S. Misko,
T. B. Sculley, E. Kieff, and D. J. Moss. 1992. Localization of
Epstein-Barr virus cytotoxic T cell epitopes using recombinant
vaccinia: implications for vaccine development. J. Exp. Med.
176:169-176.

22. Lau, R., J. Middledorp, and P. J. Farrell. 1993. Epstein-Barr virus
gene expression in oral hairy leukoplakia. Virology 195:463-474.

23. Ling, D. L., D. R. Rawlings, and S. D. Hayward. 1993. The
Epstein-Barr virus immortalizing protein EBNA-2 is targeted to
DNA by a cellular enhancer-binding protein. Proc. Natl. Acad. Sci.
USA 90:9237-9241.

24. Ling, P. D., J. J. Ryon, and S. D. Hayward. 1993. EBNA-2 of
herpesvirus papio diverges significantly from the type A and type
B EBNA-2 proteins of Epstein-Barr virus but retains an efficient

transactivation domain with a conserved hydrophobic motif. J.
Virol. 67:2990-3003.

25. Miller, G., L. Heston, and J. Countryman. 1985. P3HR-1 Epstein-
Barr virus with heterogeneous DNA is an independent replicon
maintained by cell-to-cell spread. J. Virol. 54:45-52.

26. Miller, G., J. Robinson, L. Heston, and M. Lipman. 1974. Differ-
ences between laboratory strains of Epstein-Barr virus based on

immortalization, abortive infection, and interference. Proc. Natl.
Acad. Sci. USA 71:4006-4010.

27. Miller, W. E., R. H. Edwards, D. M. Walling, and N. Raab-Traub.
1994. Sequence variation in the Epstein-Barr virus latent mem-

brane protein 1. J. Gen. Virol. 75:2729-2740.
28. Patton, D. F., P. Shirley, N. Raab-Traub, L. Resnick, and J. W.

Sixbey. 1990. Defective viral DNA in Epstein-Barr virus-associ-
ated oral hairy leukoplakia. J. Virol. 64:397-400.

29. Rabson, M., L. Gradoville, L. Heston, and G. Miller. 1982.
Non-immortalizing P3J-HR-1 Epstein-Barr virus: a deletion mu-
tant of its transforming parent, Jijoye. J. Virol. 44:834-844.

30. Rooney, C., J. G. Howe, S. H. Speck, and G. Miller. 1989.
Influences of Burkitt's lymphoma and primary B cells on latent
gene expression by the nonimmortalizing P3J-HR-1 strain of
Epstein-Barr virus. J. Virol. 63:1531-1539.

31. Sample, J., M. Hummel, D. Braun, M. Birkenbach, and E. Kieff.
1986. Nucleotide sequences of mRNAs encoding Epstein-Barr
virus nuclear proteins: a probable transcription initiation site.
Proc. Natl. Acad. Sci. USA 83:5096-5100.

32. Sample, J., L. Young, B. Martin, E. Chatman, A. Rickinson, and E.
Kief. 1990. Epstein-Barr virus type 1 and type 2 differ in their
EBNA-3A, EBNA-3B, and EBNA-3C genes. J. Virol. 64:4084-4092.

33. Sandvej, K., L. Krenacs, S. J. Hamilton-Dutoit, J. L. Rindum, J. J.
Pindborg, and G. Pallesen. 1992. Epstein-Barr virus latent and
replicative gene expression in oral hairy leukoplakia. Histopathol-
ogy 20:387-395.

34. Sculley, T. B., A. Apolloni, L. Hurren, D. J. Moss, and D. A.
Cooper. 1990. Coinfection with A- and B-type Epstein-Barr virus
in human immunodeficiency virus-positive subjects. J. Infect. Dis.
162:643-648.

35. Sixbey, J. W., P. Shirley, M. Sloas, N. Raab-Traub, and V. Israele.
1991. A transformation-incompetent, nuclear antigen 2-deleted
Epstein-Barr virus associated with replicative infection. J. Infect.
Dis. 163:1008-1015.

36. Stephen, D., C. Jones, and J. P. Schofield. 1990. A rapid method
for isolating high quality plasmid DNA suitable for DNA sequenc-
ing. Nucleic Acids Res. 18:7463-7464.

37. Thomas, J. A., D. H. Felix, D. Wray, J. C. Southam, H. A. Cubie,
and D. H. Crawford. 1991. Epstein-Barr virus gene expression and
epithelial cell differentiation in oral hairy leukoplakia. Am. J.
Pathol. 139:1369-1380.

38. Tomkinson, B., E. Robertson, R Yalamanchili, R. Longnecker,
and E. Kief. 1993. Epstein-Barr virus recombinants from overlap-
ping cosmid fragments. J. Virol. 67:7298-7306.

39. Walling, D. M., S. N. Edmiston, J. W. Sixbey, M. Abdel-Hamid, L.
Resnick, and N. Raab-Traub. 1992. Coinfection with multiple
strains of the Epstein-Barr virus in human immunodeficiency
virus-associated hairy leukoplakia. Proc. Natl. Acad. Sci. USA
89:6560-6564.

40. Wohlrab, F., S. Chatterjee, and R D. Wells. 1991. The herpes
simplex virus 1 segment inversion site is specifically cleaved by a
virus-induced nuclear endonuclease. Proc. Natl. Acad. Sci. USA
88:6432-6436.

41. Young, L. S., C. W. Dawson, D. Clark, H. Rupani, P. Busson, T.
Tursz, A. Johnson, and A. B. Rickinson. 1988. Epstein-Barr virus
gene expression in nasopharyngeal carcinoma. J. Gen. Virol. 69:
1051-1065.

J. VIROL.


